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論 文 内 容 要 旨          
The semiconductor devices have been the footstone of modern technology over the past few decades. Among the 
semiconductor devices, the metal-oxide-semiconductor (MOS) field-effect transistor (FET) is one of the most important parts. 
With the development of the technology, the improvement of the device performance is necessary. However, the improvement 
of the conventional planar MOSFET performance had been blocked when the size of the planar MOSFETs is down to 
nanoscale. In order to improve the performance of the devices to meet the needs for future technology, the innovative device 
architectures or novel semiconductor nanomaterials are required. The nonplanar MOSFETs such as three-dimensional (3D) 
MOSFETs and the semiconductor nanowires based FETs (NWFETs) have been hotly studied in recent years as they are 
expected to replace the conventional planar MOSFETs. Different kinds of 3D MOSFETs have been proposed recently, such as 
fin-type and trench-type 3D MOSFETs. Many kinds of semiconductor nanowires, such as silicon (Si) nanowire and 
Si/germanium (Ge) core-shell nanowires, have been selected as the candidates for the NWFETs. For any kind of 3D 
MOSFETs or NWFETs, a study of dopant distribution in the devices is important as the dopant distributions greatly affect their 
electrical properties. 
For the study of dopant distribution in 3D MOSFETs and in semiconductor nanowires, it is necessary to obtain the dopant 
distribution in these materials. Although many kinds of techniques, such as secondary ion mass spectrometry, have been 
applied to study dopant distribution in the semiconductor materials in the previous research, these techniques are difficult to 
observe the dopant distribution in 3D MOSFETs and in semiconductor nanowires. Although the information of 3D dopant 
distribution is required, the conventional techniques cannot satisfy this requirement. Laser-assisted atom probe tomography 
(APT) is a powerful analysis tool which is capable of visualizing the spatial distribution of elements in various solid materials 
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with nearly atomic-scale resolution. With laser-assisted APT, the 3D dopant distribution in the semiconductor devices and 
materials can be observed directly. 
In this work, the laser-assisted APT was applied to study the dopant distribution in the nonplanar MOSFETs such as 3D 
MOSFETs and in the individual semiconductor nanowires. We selectively studied the trench-type 3D MOSFETs and 
core-shell structure nanowires. The trench-type 3D MOSFET is one of the promising types that are expected to replace the 
planar MOSFET. In the trench-type 3D MOSFET, the channels are vertically buried in the trench etched Si substrate. The 
channel is covered by the polycrystalline Si (poly-Si) gate from three directions, which enhances the controllability of the gate 
and increases the drive current as compared to the planar MOSFET. Moreover, a vertical design of the channel increased the 
integration density of the devices. As the electrical property of poly-Si gate is affected by the dopant distribution in it, the 
dopant diffusion paths in the poly-Si gate of the trench-type 3D MOSFETs were studied for the control of dopant distribution. 
On the other hand, the Ge/Si and Si/Ge core-shell nanowires have attracted special attention due to their high electrical 
properties and their compatibility with modern semiconductor technology. However, the control of dopant distribution in 
nanowires became a bottleneck for the application of these kinds of nanowires, as the dopant distribution in the nanowires is 
very sensitive to the growth condition. Therefore, we investigated the dopant distribution in the Ge/Si and Si/Ge core-shell 
nanowires. 
The first and most difficult step for the APT experiment is to make needle specimen. For the trench-type 3D MOSFETs, it 
is necessary to make needle specimens with trench pattern in their apex. The specimens were lifted out from the sample using 
the combination of focused ion beam (FIB) and scanning electron microscope (SEM). The specimens were fixed on the Si 
microposts and then were sharpened into needles using a series of annular milling patterns. Differently from trench-type 3D 
MOSFETs, the nanowires were grown on the Si substrate. We have to find out the nanowires that have core-shell structure and 
then pick them up from the nanowire bundle. To prepare an individual nanowire for APT measurement, we transferred the 
nanowires from Si substrate to a transmission electron microscope (TEM) mesh firstly. Then the core-shell structure nanowires 
were selected out by TEM observation. After that, the selected core-shell nanowires were lifted out by using a lift-out probe 
and were fixed on the Si microposts. For the APT measurement, the key parameter needed to be optimized is the laser-pulse 
energy. Generally, high laser-pulse energy could increase the successful yield of the experiment. However, the dopant atoms 
would suffer surface migration prior to the field evaporation when the laser-pulse energy is too high. The laser-pulse energy of 
trench-type 3D MOSFETs is set as 20 pJ. In order to optimize the laser-pulse energy for the measurement of nanowires, the 
boron (B)-doped Ge/Si core-shell nanowires were measured with different laser-pulse energies, and finally, the laser-pulse was 
? 378 ?
set as 50 pJ in our experiment. 
The doping process for poly-Si gate of trench-type 3D MOSFETs was accomplished by ion implantation following with 
annealing the samples at 900 °C for 120, 600, and 1200 s. Two kinds of sample were prepared, phosphorus (P)-doped and 
B-doped poly-Si gates. For the P-doped sample, it was found that the P atoms were segregated in the grain boundaries after 
annealing. In addition, the P concentration in the grains increased gradually with increasing the annealing time, but it was much 
lower than that in the grain boundaries even after annealing for 1200 s. These results showed that P atoms diffused fast along 
the grain boundaries and then diffused into the grains from the grain boundaries. Moreover, the P concentration in the gate/gate 
oxide interface closing to grain boundary was much lower than that in the region where grain boundaries exist. This result 
indicated that the P atoms diffused slower along the gate/gate oxide interface than that along the grain boundary. Therefore, P 
diffusion in the poly-Si gate is dominated by the diffusion along grain boundary. On the other hand, the B diffusion behaviour 
is quite different from that of P. At the initial annealing stage (annealed for 120 s), the segregation of B in the grain boundaries 
was also observed, which is similar to P. However, after annealing for 600 s, B atoms almost uniformly distributed in the 
poly-Si and no obvious segregation was observed. These results indicated that B atoms easily spread into grains from grain 
boundaries. Therefore, the B diffusion in the poly-Si gate is not only dominant by the grain boundary diffusion, but is also 
dominant by the diffusion in the grains. The comparison of the diffusion behaviour between P and B showed that P atoms were 
easier to be trapped by the grain boundaries than B. One of the reasons is that the binding energy between P and grain boundary 
is much larger than that of B. This research clarified the dopant diffusion paths in the poly-Si gate of the trench-type 3D 
MOSFETs by using APT to directly observe the dopant diffusion along the grain boundaries and in the grains, which is 
impossible for the conventional techniques. Our results show that it is able to control the dopant distribution in the poly-Si gate 
by optimizing the annealing condition or grain structures. For example, one can increase the annealing temperature of time to 
make the P atoms diffuse into grains sufficiently, so that the more active P atoms can be obtained. 
The Ge/Si and Si/Ge core-shell nanowires were fabricated by using the vapor-liquid-solid (VLS) method, and the B 
atoms were doped into the nanowires by introducing the precursor gas (B2H6) during the growth of the Si shell and core 
regions. The B distribution in Ge/Si and Si/Ge core-shell nanowires fabricated with different growth temperatures and B2H6 
flux was studied by APT. In the APT results, it was found that B atoms randomly distributed in the Si shell of the Ge/Si 
core-shell nanowires. The B concentration along both the radial direction and growth axis direction was almost constant. In the 
Si/Ge core-shell nanowires, on the other hand, the B distributions depended on the growth temperature and the B2H6 flux. With 
higher growth temperature and increased B2H6 flux, B atoms piled up in the outer region of the Si core and the B concentration 
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increased gradually from the top to the bottom of the nanowires. However, B atoms were observed to be randomly distributed 
in the Si core after decreasing both the growth temperature and the B2H6 flux. By comparing the atom maps of these two kinds 
of Si/Ge core-shell nanowires, it was found that the Si core formed a tapered shape, where the B atoms piled up, when the 
nanowires were grown with high temperature and high B2H6 flux. This indicated that during the growth of the Si nanowire 
core, apart from the axial growth via the VLS process, the radial growth of direct depositing on the Si nanowire surface leading 
to a tapered shape was also occurred via the vapor-solid (VS) process. Differently from the VLS process that uses gold catalyst 
to decompose the precursor gases, the VS process needs higher temperature to activate the chemical decomposition of 
precursor gases. Therefore, the reduction of the growth temperature could decrease the radial growth. In addition, the precursor 
gases, SiH4 and B2H6, can form the polarized SiH4-BH3 complex that is easily adsorbed on the Si core surface, so the radial 
growth of the Si nanowire core via the VS process is enhanced. Thus, the decrease of B2H6 flux can reduce the deposition rate 
via the VS process. Therefore, B pile-up in the outer region of Si core was removed by decreasing the growth temperature and 
B2H6 flux. We firstly observed the dopant distribution in the Ge and Si core-shell structure nanowires, which has never been 
observed before. Our results show that it is possible to control the dopant distribution in the Si/Ge core-shell nanowries by 
optimizing the growth condition. The method we established enables us to systemically study the dopant distribution 
dependence on the growth condition of nanowires in the future. This research paves the way for the accurate control of dopant 
distribution in the Ge/Si and Si/Ge core-shell nanowires. 
In summary, nonplanar MOSFETs such as the 3D MOSFETs and NWFETs are expected to replace the conventional 
planar MOSFETs. In order to study the dopant distribution in the nonplanar MOSFETs, we selectively studied the dopant 
distribution in the trench-type 3D MOSFETs and core-shell structure nanowires by laser-assisted APT. The APT results will 
enable the optimization of doping condition, so that the dopant distributions in the trench-type 3D MOSFETs and core-shell 
structure nanowires can be accurately controlled, which paves the way of the performance improvement of the trench-type 3D 
MOSFETs and application of Ge/Si and Si/Ge core-shell nanowires based FETs in the future. Moreover, as there many kinds 
of candidates for the nonplanar MOSFETs, the methods we established can expand the laser-assisted APT to investigate any 
other kinds of nonplanar MOSFETs in the future. 
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